We discuss the condition for delocalization of holes in N-doped ZnO, ZnS, and ZnTe. For N-doped ZnO and ZnS, we find large energy reduction due to ionic polarization and a narrow N-impurity band at the top of the valence band compared with those for N-doped ZnTe. These are due to the significant difference between the static and optical dielectric constants of ZnO and ZnS, which have a fair degree of ionic character. We propose a design doping method which involves codoping donors with N acceptors to satisfy the condition for delocalization. [DOI: 10.1143/JJAP.42.L514] KEYWORDS: ZnO, ZnS, ZnTe, nitrogen, polarization, dielectric constant, p-type, localization, codoping
The major goals of this study are to investigate the basic electronic structures of N-doped zinc oxide (ZnO) with the wurtzite structure and N-doped ZnVI(VI=S and Te) with the zinc-blende structure, to clarify the factors that determine the N-impurity states, either localized or delocalized ones, in ZnVI(VI=O, S and Te):N, and to develop a design doping method to realize the condition of localization to delocalization of N-impurity states in ZnO and ZnS.
ZnO and ZnS have continuously attracted attention as potentially useful active optoelectronic materials for various applications. Thin films made from ZnO or ZnS are attractive because they have low toxicity, and are inexpensive and easily obtained.
In order to develop ZnO-or ZnS-based optoelectronic devices, one important issue that must be resolved is the fabrication of low-resistivity p-type doped materials, as well as other wide-band-gap semiconductors such as ZnSe and GaN. ZnO and ZnS, however, have been proven difficult to dope as p-type in contrast with ZnTe. For ZnTe, Baron et 4, 5) Both ZnO with a wide direct band gap (E g ) of 3.3 eV and ZnS with a direct E g of 3.68 eV at room temperature have large ionic characters. The dielectric constant of the host semiconductors has the most important effect on the acceptor energy because it enters as the square in the acceptor ionization energy of the semiconductor based on the modified Bohr theory that takes into account both the dielectric constant of the medium and the effective mass of a hole in the periodic potential of the crystal. It also determines the radius of an impurity orbital because it enters as the first power. Wide-band-gap semiconductors, ZnO and ZnS, have low dielectric constants, and hence the two materials described above have very contracted impurity orbitals. In such systems, therefore, much higher concentrations of acceptors are required before their orbitals can overlap sufficiently for good conduction to occur. This does not automatically lead to good p-type conduction, however, since holes in narrow bands are localized by repulsion effects.
To understand what causes the difference in the difficulty of p-type doping among ZnO, ZnS and ZnTe, we discuss the competition between localization of the hole by ionic polarization and delocalization having the associated stabilization W=2, where W is the impurity bandwidth in Ndoped ZnO, ZnS and ZnTe, by means of an approximate estimation of the ionic relaxation energy and the analysis of the calculated results obtained by ab initio electronic band structure calculations. Then we proceed to discuss control of the impurity states in ZnO and ZnS.
The results of our band structure calculations for ZnO, ZnS and ZnTe crystals were based on the local-density approximation (LDA) treatment of electronic exchange and correlation [6] [7] [8] and on the augmented spherical wave (ASW) formalism for the solution of effective single-particle equations. 9) For the calculations, the atomic sphere approximation (ASA) with a correction term was adopted. For undoped ZnO, ZnS and ZnTe crystals, Brillouin zone integration was carried out for 84-k points in an irreducible wedge and for 24-k points for N-doped crystals. For valence electrons, we employ outermost s, p and d orbitals for Zn, S and Te atoms and outermost s and p orbitals for N and O atoms.
We studied the crystal structures of ZnO, ZnS and ZnTe with periodic boundary conditions by generating supercells that contained the object of interest. For the three N-doped crystals, we replaced one of the 32 sites of anion atoms with a N site.
First, we investigate the differences in polarization energy among ZnO, ZnS, ZnTe and ZnSe as a reference.
Let us consider the effect of putting a hole in an unfilled orbital on a particular atom in a solid. If we force the hole to stay on one atom, the charge will polarize the surrounding atoms, which will lower the energy, ÁE, including the ionic and electronic polarization energies. The approximate formula for the polarization energy is:
where r nearly equals the bond length and " s , the static dielectric constant of the solid. Considering " s contains contributions from both ionic and electronic effects, the energy reduction due to ionic polarization, ÁE ion , for ZnO:N, ZnS:N, and ZnTe:N is given by
where r equals r Zn (the covalent radius of Zn atoms, 1.25 # A) plus r N (the covalent radius of N atoms, 0.75 # A), " opt , the high frequency or optical dielectric constant of the solid. Equation (2) indicates that localization of holes is favored by a large difference between " opt and " s . It must be noted that eq. (2) gives an approximation of the ionic relaxation energy since our argument is based on a crude electrostatic picture. The model nevertheless serves as a useful guide to know where the localization of the holes is likely to be found.
We summarize the calculated ÁE ion and the parameters used for the calculations of ZnVI(VI=O, S, Se and Te) compounds in Table I . From Table I , the ÁE ion values are found to increase in the following order: ZnTe:N < ZnSe:N < ZnS:N < ZnO:N. Considering the difference in electronegativity between Zn atoms and group VI elements in the materials (ZnO is 1.79, ZnS, 0.93, ZnSe, 0.9, and ZnTe, 0.45), the quite large value of ÁE ion for ZnO with a fair degree of ionic character originates in the significant difference between the two dielectric constants. The fairly large value of ÁE ion for ZnS compared with that for ZnSe results from the fact that " opt is small and " s is large. This means that the materials design for the enhancement of " opt in ZnS is required for the realization of delocalization of the holes. In our previous work, 15) we found an increase in the dielectric constant " opt for p-type ZnS codoped with In and N species (ZnS:(In, N)) compared with that for ZnS:In on the basis of the analysis of the chemical shifts of In 3d combined with the relaxation energy obtained by X-ray photoemission spectroscopy (XPS). As a result, we demonstrated that the codoping of In with N results in the delocalization of the N acceptor states accompanying a lowresistivity p-type conduction.
At high doping levels, the acceptor orbitals start overlapping with each other to form an impurity band. The effect of the impurity band formation will therefore tend to delocalize the hole, and its energy decreases by W=2, where W is the impurity bandwidth. If
the hole is delocalized and the ionic-polarization energy given by eq. (2) is lost. Next, in order to clarify whether ZnO, ZnS and ZnTe satisfy the above condition (eq. (3)) or not, we show the Nsite-decomposed density of states (DOSs) for (a) ZnO:N, (b) ZnS:N and (c) ZnTe:N as a reference in Fig. 1 , where p states at N sites are illustrated. Energy is measured relative to the Fermi energy (E F ). The sharp DOS peaks in Fig. 1 indicate the bonding states between the p states at the Nacceptor sites and the p states at the Zn sites located near the N sites. Figure 1 shows the formation of a N-impurity band at the top of the valence band due to the overlap of the N-acceptor orbitals for the three materials. We note that the sharp DOS peak is located at approximately À0:1 eV from the E F due to the strong repulsive potentials of ZnO and ZnS, while the DOS peak for ZnTe, where both " s and " opt are larger than those of the other two materials described above, is located at approximately À0:6 eV from the E F due to the weak repulsive potential.
For ZnTe:N, we estimated the N-impurity bandwidth, W, to be approximately 1.7 eV: the value of W is much larger than 2 Â jÁE ion j ¼ 0:30 eV (eq. (3) and Table I ). Thus, we predict from the calculated data that holes generated by ptype doping of N will be delocalized in ZnTe at high doping levels. From Figs. 1(b) and 1(c), we find a narrow N-impurity band near the top of the valence band for ZnS:N compared with that for ZnTe: the width of the band described above was estimated to be 1.37 eV. We defined the impurity bandwidth as the range from the top of the valence band to the energy below where the site density of states negligibly depends on the energy. According to Table I , however, ZnS:N satisfies the condition (eq. (3)) for delocalization: the value of W is larger than 2 Â jÁE ion j ¼ 0:60 eV. This indicates that holes will be delocalized at the high p-type doping level using N acceptors. Figure 1(a) shows that the N-impurity band in ZnO is quite narrow, approximately 1.0 eV in width, W: this value of W is almost equal to 2 Â jÁE ion j ¼ 0:98 eV (see eq. (3) and Table I ). ZnO has low dielectric constants as shown in Table I and hence has very contracted orbitals of the impurity as acceptors. In ZnO, therefore, much higher concentrations of p-type dopants are required before their orbitals can overlap sufficiently to satisfy the condition for delocalization (eq. (3)).
From the above findings, it is evident that the N-impurity bands of both ZnO and ZnS have to change from narrow to broad in order to realize good p-type conduction with delocalization of holes. This will lead to a lower effective mass of holes, and reduce the acceptor binding energy. It should be emphasized that it is our codoping method that solves the doping problem described above. 2, 3) For the codoping method, it is necessary that the nonrandom configurations, such as acceptor (A)-donor (D)-acceptor (A) trimers that occupy the nearest neighbor sites or trimerlike complexes in materials, enhance the incorporation of acceptors into materials with a broad impurity band (Fig.  2(b) ) compared with that resulting from the conventional doping method using acceptors alone ( Fig. 2(a) ). The electronic structure of a solid is strongly dependent on the local bonding interaction between the nearest neighbor atoms. Thus, the complexes composed of Ga and N atoms described above will contribute to the formation of a mixed state between ZnO:N and GaN with a larger dielectric constant than that of ZnO in the vicinity of N atoms at O sites in ZnO highly codoped with N and Ga. For ZnS, we propose a codoping method using In or Ga donors and N acceptors.
3) This is expected to decrease the energy reduction due to electronic polarization and increase the energy lowering from ionic polarization to satisfy the condition for delocalization.
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